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The distribution and size of ischemic lesions after
carotid artery angioplasty and stenting: Evidence
for microembolization to terminal arteries
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Xian Mang Pan, MD,a and Joseph H. Rapp, MD,a,c San Francisco, Calif
Background: Much of the brain is perfused by penetrating arteries that are the “single source” of blood to their
surrounding tissues. These tissues should be equally vulnerable to ischemia from embolic occlusion, but there are
questions about whether emboli have access to the penetrating arteries serving the deep brain tissues. To examine this
issue in humans we recorded the number and distribution of new ischemic lesions on diffusion-weighted magnetic
resonance imaging (DWMRI) after carotid artery stenting (CAS), a procedure producing showers of numerous small
atheroemboli.
Methods: Twenty-nine men (aged 62-81) underwent 30 CAS procedures with distal protection in place, and DWMRI 48
hours after the procedure documented new lesions had developed. Thirteen patients were asymptomatic, and 16 had
experienced recent symptoms ipsilateral to the treated carotid stenosis. A DWMRI study was done in each patient <72
hours before the procedure. All MRI studies were read by the same neuroradiologist.
Results: One patient sustained a minor stroke, which resolved. DWNRI found 131 new lesions (median, 3; range, 1-17;
interquartile range, 2-4). Lesion size was<5 mm in 96.6% and 5 to 10 mm in 3.1%. Lesions were ipsilateral in 83.1% and
contralateral in 16.9%. Lesions were in the distribution of the middle cerebral artery (91.6%), posterior cerebral artery
(6.1%), and superior cerebellar artery subclavian artery (2.0%). Most lesions were in the cortex but at a depth where they
were best described as cortical/subcortical (90.8%). The rest were in the periventricular white matter (6.1%) and deep
gray matter (3.0%).
Conclusions: The ischemic areas developing after CAS were predominately in the deeper layers of the cortex in the
distribution of the middle cerebral artery, but lesions were seen throughout the brain. The distribution of lesions caused
by CAS-induced embolization coincided with estimates of blood flow to the respective areas of the brain. These data add
to the evidence implicating microemboli in ischemic pathologies throughout the brain. (J Vasc Surg 2011;53:971-6.)
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oThe brain is the only solid organ without a vascular
hilum and an arborizing vascular architecture. Instead, the
major arteries enter the cranial vault at the base of the brain
and then radiate over the brain surface, giving off small
nutrient arteries that penetrate the brain. Although the
brain surface has a rich intra-arterial network, the penetrat-
ing arteries have only a capillary network to provide collat-
eral flow.1,2 Recent studies using two-photon microscopy
have elegantly shown that each penetrating artery uniquely
supplies a surrounding column of tissue.3 Moody et al2
established that penetrating arteries from separate surface
arteries interdigitate, providing alternative sources of blood
flow in some areas, but in most of the brain, including the
cortex, centrum, basal ganglia, and thalamus, brain perfu-
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ould be expected to be vulnerable to ischemia from
roximal microembolic obstruction.
Foci of ischemia are linked tomicroemboli in the cortex
nd striatocapsular structures,4 two areas that have a “single
ource” of penetrating arterial supply. However, in another
ingle-source region, the centrum semiovale, hemodynam-
cs are thought to be the dominant cause of ischemia.5
mong the arguments against involvement of microemboli
n this region is that particulates lack access to the region’s
ong penetrating arteries that arise abruptly from the prox-
mal cerebral arteries and the circle of Willis. One study in
adavers6 and one in nonhuman primates7 suggest that
ccess to these vessels may be limited for large particulates
ut particulates 150 m have equal access to these ves-
els, and the reason there are fewer episodes of embolic
schemia in this areamay be, in part, the relatively low blood
ow to this area compared with the cortex.6,7
To examine the distribution of emboli in living hu-
ans, we examined the location of new ischemic lesions
fter carotid artery angioplasty and stenting (CAS). Ex vivo
odeling has shown that CAS releases thousands of micro-
mboli,8,9 and examinations with diffusion-weighted mag-
etic resonance imaging (DWMRI) have shown that areas
f ischemia develop in up to 70% of patients after CAS.10e reasoned that locating these lesions within the brain
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microemboli within the cerebral circulation.
METHODS
This study was done as a prospective, nonrandomized
examination of CAS conducted from February 2005
through August 2006. The study population consisted of
48 patients, aged 59 to 83 years, who under went 54
procedures. The incidence of DWMRI lesions within the
group and the timing of their appearance after the proce-
dure is the subject of another report.11 This study includes
only the individuals whose DWMRI study showed devel-
opment of new lesions and whose imaging was done at the
San Francisco Veterans Affairs Medical Center. The proto-
col and consent form were approved by the Committees on
Human Research at University of California-San Francisco
and San Francisco Veterans Affairs Medical Center.
The final cohort comprised 29 men (age range, 62-81
years) who underwent 30 CAS procedures. In 17 proce-
dures, there had been an ipsilateral transient ischemic attack
or cerebrovascular accident, whereas the indication for
intervention in 13 was a high-grade stenosis. To ensure that
the lesions seen on DWMRI after the procedure were a
result of the procedure, each patient had a DWMRI study
72 hours before the procedure and repeat imaging at 48
hours after the procedure.
The DWMRI included axial and coronal diffusion-
weighted image (DWI) sequences and fluid attenuated
inversion recovery images (FLAIR; echoplanar spin-echo,
repetition time/echo time  5000/100 msec, b  0.500,
1,000, 20 5-mm thick slices with a 1.5-mmgap,matrix size
128  128; FLAIR: repetition time/echo time/inversion
time  8000/120/2000 msec). Average diffusion coeffi-
cient maps were calculated from the DWIs.
TheMRI studies were read by a single neuroradiologist
(M.W.). An acute ischemic lesion was diagnosed when it
was seen on axial or coronal DWIs and confirmed on the
corresponding average diffusion coefficient maps or was
seen on both planes of the DWI. To be considered indica-
tive of acute injury, the lesion could not appear on the
preprocedural imaging, and no corresponding FLAIR ab-
normality could be present for the lesion to be considered
as acute. New lesion location and size were recorded. The
lesions were located in areas of the brain in the following
manner. Lesions that occurred in the more peripheral areas
were termed “cortical/subcortical” because it was often
not clear whether the lesion was in the gray matter or in the
white matter. Designating the lesions as residing in the
periventricular white matter or deep gray matter was less
ambiguous. Within these designations the lesions were
located within the anatomically defined brain structures as
interpreted on the MRI studies.
Every patient had an examination by a member of the
Neurology Service both before and after the procedure.
Carotid stenting was performed as follows. A prepro-
cedural MR angiography, in addition to the DWMRI, was
done which included a 3-dimensional display of the aortic
arch. Therefore, arch angiography was avoided in most hases. After achieving access to the proximal thoracic aorta,
telescoping technique using the Shuttle Select Sheath and
he JB-1 (right carotid), Simmons 2, or V-tek (left carotid)
atheters (Cook, Bloomington, Ind) were used to cannu-
ate the appropriate great vessel. Angiography to confirm
he extracranial and intracranial anatomy was performed.
n AccuNet (Guidant, Moutain View, Calif) embolic pro-
ection device was placed into the distal internal carotid
rtery in 28 cases and an Angioguard (Cordis, Miami, Fla)
as placed in 2 cases. Predilation angioplasty, Acculink
Guidant), or Xact (Abbott, Abbott Park, Ill) stent deploy-
ent, and postdilation angioplasty were performed. After
ngiography to confirm satisfactory treatment of the steno-
is, the protection device was removed and completion
ngiograms were obtained.
Periprocedural anticoagulation included pretreatment
ith clopidogrel, which was continued postprocedurally
or 6 weeks. Intraprocedural heparin was given to achieve
n activated clotting time of 300 seconds and then con-
inued for 12 hours after the procedure.
ESULTS
One patient experienced a neurologic deficit after CAS,
onsisting of contralateral hand weakness in the area of a
revious stroke, which returned to baseline 72 hours. A
otal of 131 new lesions were seen on DWMRI (median, 3;
ange, 1-17; interquartile range, 2-4). The lesions were
enerally small: 96.9% were sized 5 mm, 3.1% were 5 to
0 mm, and no lesions were 10 mm. The lesions were
psilateral to the procedure in 83.1% and contralateral in
6.9%.
Of new lesions found, 90.8% were in the regions iden-
ified as cortical/subcortical, 6.1% were in periventricular
hite matter, and 3.0% were in deep gray matter. The
esions had a wide distribution (Table I), which included
he posterior circulation. Ninety percent of lesions were in
hat were termed the cortical/subcortical region (Fig 1).
s noted, the ambiguity of this localization was necessary
ecause most of these lesions were located at a depth where
t was difficult to determine whether the ischemia was
learly within the white or gray matter. The largest concen-
ration was in the frontal and parietal lobes, consistent with
he origin of these lesions in the anterior circulation and the
able I. Locations of lesions found by diffusion-
eighted magnetic resonance imaging in the cortical/
ubcortical region
egion Ipsilateral Contralateral
rontal 47 9
arietal 26 4
rontal/parietal 5 2
emporal 11 0
ccipital 4 2
nsula 4 0
erebellum 2 1
entral sulcus 1 1igher total blood flows to these structures.
(
w
d
l
(
d
b
d
s
D
t
m
r
A
d
e
d
l
e
e
t
s
l
emio
JOURNAL OF VASCULAR SURGERY
Volume 53, Number 4 Zhu et al 973Of the injuries detected by DWMRI, 9% were in the
deeper structures of the brain (Figs 2 and 3) with 6.1% in the
Fig 1. Diffusion-weighted images (top row) and aver
71-year-old patient imaged 48 hours after carotid stentin
right middle cerebral artery vascular territory, mostly in
seen in the periventricular white matter of the centrum s
Fig 2. Diffusion-weighted images obtained in a 62-year-old pa-
tient imaged 48 hours after carotid stenting show lesions, includ-
ing a single acute lesion in the left medial occipital lobe (arrow), in
the territory of the left posterior cerebral artery.periventricular white matter and 3.0% in the deep gray matter tTables II and III). Once again, the frontal and parietal areas
ere predominantly affected. Deep gray lesions were evenly
ivided between the caudate and thalamus.
As expected, the DWMRI lesions were predominantly
ocated in the distribution of the middle cerebral artery
91.6%). Somewhat unexpectedly, lesions clearly in the
istribution of the anterior cerebral artery were not found,
ut embolic lesions were detected in what would be the
istribution of the posterior cerebral artery (6.1%) and the
uperior cerebellar artery (2.0%).
ISCUSSION
These data represent a unique opportunity to observe
he distribution of brain ischemia caused by the release of
icroemboli into the human internal carotid artery. CAS
eleases hundreds, if not thousands, of microemboli.8,9
dding a distal filtration device to the procedure, as was
one in this series, reduces but does not eliminate the
mbolic burden of the procedure.12,13 We presume the
istribution of ischemia caused by these microemboli is at
east broadly similar to the ischemia caused by spontaneous
mboli.
In this series, the distribution of ischemia secondary to
mbolization correlated with the relative blood flow to
hese areas. Ninety percent of lesions were in the cortical/
ubcortical layer, with most in the deeper portions of this
ayer. These ischemic tissues presumably coincide with
iffusion coefficient maps (bottom row) obtained in a
ow multiple punctate areas of restricted diffusion in the
ical/subcortical distribution (arrows). A single lesion is
vale.age d
g sh
a cortermination of short penetrating arteries. Lesions were
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with the robust collateral network at the cortical surface.
Nine percent of ischemic lesions were in the deeper
structures of the brain, with 6.1% in the periventricular
whitematter. Emboli appear to be less common in this area.
However, using calculations of perfusion14 and regional
morphology data for older men15 to estimate area volume,
we estimate that the periventricular white matter accounts
Fig 3. Diffusion-weighted images in a 78-year-old pa
punctate foci of restricted diffusion (arrows) in the left m
side. Again, distribution of lesions predominates at the
white matter.
Table II. Locations of lesions found by diffusion-
weighted magnetic resonance imaging in the
periventricular white matter
Region Ipsilateral Contralateral
Frontal 3 1
Frontal/parietal 2 —
Parietal 1 —
Cerebellum 1 —
Table III. Locations of lesions found by diffusion-
weighted magnetic resonance imaging in the deep grey
matter
Region Ipsilateral Contralateral
Caudate 1 1
Thalamus 1 1for only 5% to 10% of hemispheric blood flow.We conclude vhat the microemboli from the internal carotid artery had
ccess to this area commensurate with blood flow.
The distribution of lesions on DWMRI are similar to
hose reported by Palombo et al,16 who examined the
ocation of acute ischemia after CAS in a subset of their
otal reported experience. Their primary focus was on
he long-term consequences of clinically silent ischemic
esions seen on DWMRI. Surprisingly, they found 30% of
esions seen on DWMRI after CAS did not resolve but
rogressed to infarction on MRI FLAIR images done 6
onths after the procedure. Similar data indicating many
f the lesions on DWMRI post CAS are actually silent
nfarctions was recently reported from the International
arotid Stenting Study.17 Factors favoring infarction
ver reversible ischemia appear to be size and subcortical
ocation.16
Previous studies in nonhuman primates and cadaveric
uman brains indicate size dictates the access of emboli to
he deeper structures of the brain.6,7 In cadaveric brains,
articles 150 m were distributed throughout the brain,
ut larger particles were carried along to the periphery of
he major arterial systems.6 Experimentally, smaller size
avors an equal distribution of microemboli traveling
hrough branch points with disparate sized branches,18
hich is the case for vessels to the deep white matter that
rise directly from the proximal cerebral arteries. In ex vivo
tudies, more than 90% of emboli created by CAS are150
m,8,9 and therefore, will have access to the entire cerebro-
imaged 48 hours after carotid stenting show multiple
cerebral artery territory with lesions on the contralateral
o/subcortical junction, with a few lesions in the deeptient
iddle
corticascular system.
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These data have implications for the utility of CAS, and
directions for future procedural refinements are needed to
improve outcomes. Because there is little reason to suspect
that spontaneous emboli are any larger than emboli created
by CAS, they may have implications regarding spontaneous
microembolization as well. Primarily, however, these data
serve to highlight the conundrum of microembolization to
the brain: hundreds if not thousands of microemboli were
released in these patients, yet there were a mean of only
three areas of injury per patient in this study. A similar
disconnect occurs in our experimental studies, where hun-
dreds of emboli are injected yet only a few areas of ischemic
injury develop.9 A “washout” phenomenon has been pro-
posed19 but arteriovenous connections are generally small
and the observed coincidence of hypoperfusion and em-
bolic stroke may simply reflect heightened tissue vulnera-
bility.20 Another potential explanation is that emboli mar-
ginate along the artery wall, a common fate of particulates
in flowing fluids.18,21 There, they may actually undergo
extravasation into the extravascular space.22 Although pro-
tective mechanisms exist, microemboli are important etio-
logic agents of brain ischemia and have pathologic impor-
tance in the deep structures of the brain as well as the
cortex.
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Dr Peter A. Schneider (Honolulu, Hawaii). We don’t know
where carotid stenting will go from here. I believe that carotid
stenting will play a role in the future and that further development
of this procedure will make it better and more widely applicable.ractice, and better understand the cerebrovascular anatomy we
hought we knew already.
The other thing the carotid stenting has done is push us to ask
ew questions about plaque stability and brain physiology. How
o we explain the fact that the brain handles emboli so much better
han we imagined? Do we know what a lacunar infarct is? How
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tal vocabulary of cerebrovascular events remains ambiguous.
We cannot look at this study in a vacuum. This group has
produced five studies over the past 3 years that have substantially
improved our knowledge of brain physiology, how the brain
handles emboli, and how carotid angioplasty and stenting (CAS)
works. Some of these were presented at the Western Vascular
Society. This represents a stepwise progression of investigation in
both the laboratory and at the bedside. They were among the first
to identify post-CAS magnetic resonance imaging (MRI) lesions.
They went on to develop a model for cholesterol emboli to the
brain, evaluated the results of distal filter vs reversed flow, and
developed a model for lacunar infarct.
This study takes us back to the bedside and asks, “What more
can we learn about brain physiology by looking at what happened
to embolic particles produced by CAS?” The brain is more resilient
than we thought, but the brain may also be keeping score. These
findings help to explain the clinical observation that neurologic
events occurring after CAS are more frequent, usually less severe,
and more often delayed than after carotid endarterectomy (CEA).
If you have hundreds of emboli by transcranial Doppler
(TCD) imaging and also in your ex vivo model, why are there only
a few lesions on MRI? Where do they go? Are certain areas more
prone to emboli? Why aren’t more of these emboli clinically
significant? How much damage is size and how much is composi-
tion? Do you think the clinical diagnosis of lacunar infarct is usually
embolic? What is this telling us about the potential causes of the
epidemic of dementia that our baby boomer population faces?
Make a prediction about whether this issue of emboli associated
with CAS can be solved.Dr Joseph Rapp. Thank you Peter for your comments and
questions. First, “What explains the brain’s apparent tolerance for
m
licroembolization?” Our theory is that these particulates margin-
te along the wall of the larger pial vessels and there are exciting
ecent data suggesting that there can be active extravasation of
hose particles that come to rest along the vessel wall. This would
ddress your third question, which is, “Why aren’t more of these
mboli clinically significant?”
Regarding whether size or composition is more important:
mbolus composition does contribute to ischemic potential, but
ize is clearly more important. Size (in this case smaller diameter)
lso determines access to the deeper regions of the brain. The work
resented today shows that emboli small enough to reach the
eriventricular white matter cause lesions in that area in numbers
hat correspond to the overall blood flow, which is relatively low.
o my mind, this proves that the ischemic lesions in this area
lacunar infarcts) could be embolic. I personally believe that this is
he dominant cause, but there are many who do not agree.
There are implications that microemboli promote dementia,
s you suggest. A study by Purandare has linked higher rates of
mboli to dementia. Furthermore, patients with known carotid
tenoses have higher rates of embolization on TCD, and Alzhei-
er’s patients with carotid stenosis deteriorate faster than patients
ith normal carotid bifurcations. The data are not definitive, but it
s cause for concern. Although most microemboli do not cause
linical effects and there may bemechanisms at work in the brain to
emove emboli, I do not believe that microemboli to the brain
hould ever be termed “benign.”
Regarding improvements to CAS to reduce embolization:
ur bench work and some single institution trials suggest that
erioperative embolization will be reduced with flow reversal as a
rotection strategy. This may help but it is not the whole story as
ost emboli occur after the procedure. What can be done about
ate emboli remains to be determined.
